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Based on the transport theory and the polarization relaxation model, the effects of hydrogen and hydroxyl passivation
on the conductivity and dielectric properties of silicon carbide nanowires (SICNWs) with different sizes are numerically
simulated. The results show that the variation trend of conductivity and band gap of passivated SICNWs are opposite to
the scenario of the size effect of bare SICNWs. Among the influencing factors of conductivity, the carrier concentration
plays a leading role. In the dielectric properties, the bare SICNWs have a strong dielectric response in the blue light region,
while passivated SICNWs show a more obvious dielectric response in the far ultraviolet-light region. In particular, hydroxyl
passivation produces a strong dielectric relaxation in the microwave band, indicating that hydroxyl passivated SICNWs have
a wide range of applications in electromagnetic absorption and shielding.
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1. Introduction

SiC nanomaterials, with high breakdown field strength,
high thermal conductivity, wide band gap, small thermal ex-
pansion coefficient, small dielectric constant, good chemi-
cal stability, strong radiation resistance, and other good me-
chanical properties,!!' ™ are typical IV-IV semiconductors.
And they are used in light-emitting diode, > laser, [®"! visible-
light blind EUV and ultraviolet detectors, 391 microwave and
millimeter-wave power devices.!!”) Conductivity and dielec-
tric constant are important parameters of high-frequency elec-
tronic devices. More and more attention is paid to the trans-
port, recombination and dielectric microscopic mechanism of
non-carbon nanomaterials such as silicon carbide with the de-
velopment of micro-nano electronic technology.!'!:'?! How-
ever, the broken bonds (dangling bonds) on the surface of
nanomaterials lead to instability of the surface. The enhance-
ment of the surface activity of nanomaterials also restricts their
applications in micro-nano devices, efc., and passivation or
surface modification is an effective way to improve the sta-
bility of performance. Therefore, the study of passivated SiC
nanomaterials, especially the influence of different passivat-
ing factors (atom or group) on the conductivity and dielectric
properties of SICNWs, is of great significance.!!

The surface passivation of SiC has been studied for a long
time. For instance, Gendron and Porte investigated the ef-
fects of hydrogen atom passivation on donors and recipients
of SiC as early as 1995, and the results showed that hydrogen

DOI: 10.1088/1674-1056/abf130

atom passivation leads the mobility of the SiC to increase.!!¥]
In 2009, Trejo et al. studied the effects of passivation on the
band gap of porous cubic silicon carbide and found that hy-
drogen passivation significantly changes the surface structure
of SiC.151 In 2012, Cuevas et al. studied the influence of hy-
drogen atom passivation and hydroxyl group passivation on
3C-SiC, and the results showed that the structure of hydroxyl
passivation is more stable, and the band gap of the structure
after passivation and the electronegativity of the passivated
atoms are negatively correlated with each other.['® In 2018,
Li et al. studied the influence of hydrogen atom passivation on
SiCNWs and their results demonstrated that hydrogen atom
passivation turns SICNWs into a direct band-gap semiconduc-
tor, and hydrogen atom passivation makes the optical proper-
ties of SiCNWs more stable.l!”] In the same year, Cuevas et
al. performed hydrogen and oxygen atom passivation in the
[110] direction of 3C-SiCNWs, and their results showed that
the passivation increases the photoactivity, the band gap of the
structure passivated by oxygen atom at C position is smaller
than that of the structure passivated by hydrogen atom, while
the band gap of the structure passivated by oxygen atom at
Si position is larger than that of the structure passivated by
hydrogen atom, and the oxygen passivation leads the chemi-
cal stability of SiCNWs to increase.!'8! Javan studied the ef-
fects of passivation on the electrical and optical properties
of 3C-SiC nanocrystals in 2015, and the results showed that
the structure passivated at Si position is more stable, and the
functional groups adsorbed on the surface of SiC nanocrystals
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changes the optical properties of SiC nanocrystals, especially
the structures passivated by amides and mercaptan.!!'”! Jia et
al. studied the effects of hydrogen passivation and hydroxyl
passivation on structure, electrical and optical properties of
SiCNWs in 2020, and found that passivation can improve the
stability of SICNWSs’ structure and enhance the stability of the
optical properties, and lead the light absorption to decrease,
moreover, the response peaks of photoconductivity and other
spectra move to the deep ultraviolet region.?’! The reviews in
the above-mentioned literature indicate that most of the stud-
ies of passivation of SiC nanomaterials focus on the stability
of lattice structure and macroscopic properties such as electri-
cal and optical properties, but only a few studies concentrate
on the microscopic mechanisms such as electronic states and
their polarization and carrier transport. Moreover, at the elec-
tronic level, there are a few reports on the effects of different
passivation factors on the transport and dielectric relaxation
properties of SiC nanomaterials.

In this paper, we use hydrogen and hydroxyl group to pas-
sivate the surfaces of SICNWs with three different sizes. The
conductivity and dielectric properties of the SICNWs before
and after passivation are numerically simulated according to
the transport theory and polarization relaxation model. The ef-
fects of hydrogen and hydroxyl passivation on the conductivity

and dielectrical property of the SICNWs are revealed by ana-
lyzing the characteristics of bare, hydrogen and hydroxyl pas-
sivated SICNWSs, which provides a theoretical basis for broad-
ening the application scope of SiC nanomaterials.

2. First-principles calculations
2.1. Model

This study uses the CASTEP module in Materials Stu-
dio 6.0 software to optimize and calculate the target model.
The hexagonal cross section of a 2H-SiC (3 x 3 x 2) cell in
the [001] direction is taken as the basic structure and is de-
noted as SICNWsl1. The surfaces are passivated with the hy-
droxy group and hydrogen atoms, respectively, and denoted
correspondingly as H-SiCNWsland OH-SiCNWsl. More-
over, construct the unit cells of 4 x4 x 2, 5 x 5 x 2 hexagonal
cross-sections with different diameters, denoted as SICNWs2
and SICNWs3, respectively, then the passivation structure will
be named H-SiCNWs2 and OH-SiCNWs2, H-SiCNWs3 and
OH-SiCNWs3.

2.2. Electronic structure of passivated SiCNWs

Figures 1 and 2 show band and electron density of bare
SiCNWs and passivated SICNWs based on first principles.
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Fig. 1. Band structures and densities of electron states of unpassivated, hydrogen-passivated, and hydroxyl passivated SICNWs with different diameters,
showing band structures of (a) SICNWs1, (c) SICNWs2 and (e) SICNWSs3, and ((b), (d) and (f)) their corresponding densities of states, band structures
of (g) H-SiCNWsl, (i) H-SiCNWs2, (k) H-SiCNWs3, (h) OH-SiCNWsl, (j) OH-SiCNWs2, and (1) OH-SiCNWs3.
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Fig. 2. Differential state density distribution of (a) unpassivated, (b) hydrogen-passivated, and (c) hydroxy-passivated SICNWs.

Table 1. Electronic structure parameters of bare and passivated SICNWs.

V (nm?) ¢ (nm) Eq (eV) m (m) s (m) D(E.) (eV™h) psi (10739 C-m) pe (10730 C-m)
SiCNWsl1 2.524 0.5113 2.258 0.72 3.85 18.05 - -
SiICNWs2 2.702 0.5098 2.324 1.32 5.72 22.69 - -
SiCNWs3 4201 0.5090 2.342 1.59 6.44 26.68 - -
H-SiCNWs1 2.468 05115 4.054 0.49 1.14 -
H-SiCNWs2 2747 0.5099 3.556 0.79 3.40 -
H-SiCNWs3 4.349 0.5090 3.292 0.64 3.32 -
OH-SiCNWs1 2.621 0.5205 3.062 1.36 1.49 — 13.43 6.12
OH-SiCNWs2 3.973 0.5162 2.587 0.84 271 - 12.99 5.80
OH-SiCNWs3 4.527 0.5136 2.459 0.72 3.82 - 13.07 5.87

According to Fig. 1, it can be seen that the bare SICNWs
are an indirect band gap semiconductor, in which the valence
band top is in the center of Brillouin (I" point) and the con-
duction band bottom is near the Brillouin boundary (Z point).
Because of the dangling bonds on the bare SICNWSs’ surfaces,
conduction band bottom of bare SICNWs is composed of dis-
crete impurity bands.>!! Moreover, the dispersion of impurity
bands decreases with the increase of diameter, which leads to a
slight increase in the bottom of the conduction band as shown
in Figs. 1(a), 1(c), and 1(e). The passivated SICNWs are a
direct band gap semiconductor. When the dangling bonds are
saturated with hydrogen or hydroxyl, the impurity band disap-
pears, resulting in the increase of SICNWs’ band-gap. Among
them, the increase of the band gap of SICNWs, caused by hy-
drogen passivation, is greater than that of hydroxyl passiva-
tion. Contrary to the size effect of bare SICNWs, the band gap
of the passivated SICNWs decreases with diameter increasing
as shown in Figs. 1(g)-1(D).

According to the electron density difference, it can be
seen that the hydroxyl passivation lead the distinct intrinsic
electric dipoles to be introduced into the surfaces of SICNWs
as shown in Fig. 2(c). This is because the electronegativity
of hydrogen atom is close to that of Si and C atoms, which
makes the hydrogen passivation to form a non-polar covalent
bond. The first principles study shows that the C-OH bonds
and the Si—OH bonds have relatively small population values,
which indicates that they are polar covalent bonds. Therefore,
hydroxyl passivation produces intrinsic electric dipoles, while
hydrogen passivation does not produce dipoles. The electronic

structure parameters based on the first principles study are
shown in Table 1.

In the table, V is the supercell volume of SiICNWs, ¢ is
the lattice constant in the direction of [001], E is the band
gap, m; and m; are the electron and hole effective masses,
respectively, psi and pc are the dipole moments formed by
passivating the surface Si and C atoms, respectively. On the
basis of the first principles data, the dipole moment produced
by hydroxyl passivation at the C-position is different from that
at the Si-position, and the dipole moment produced by the hy-
droxyl passivation at the C-position is smaller than that at the
Si-passivation.

3. Conductive properties of different passivated
SiCNWs

3.1. Conductivity of bare and passivated SiCNWs

The conductivity of semiconductor is determined by the
carrier concentration and mobility, which can be expressed as

O = enelle + enp iy, (1)

where n. and L. are the electron concentration and its mobility,
ny and uy are the hole concentration and its mobility, respec-
tively. For an intrinsic semiconductor, the electron concentra-
tion is the same as the hole concentration. From Ref. [22], the
carrier concentration of SiC can be expressed as

V271kgT 1/4 E
s (mzmy)*exp ( — ZkBgT - @
In Eq. (2), S is the cross-sectional area of the nanowire, kg is
the Boltzmann constant, /4 is the Planck constant.

Ne = Np —
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The carrier mobility of SiCNWs is determined by the
scattering mechanism, and it can be expressed as

e e
He = —Te and Unh= —Th, (3)

m my
where 7. and 7, denote the relaxation time of electron scat-
tering and the relaxation time of hole scattering, respectively.
For bare SiCNW s, dangling bond on surface leads the impurity

band to be discretized, so electron mobility can be expressed
[23]
as

evonl? W
= 20l — —— 4
ALLC 6kBT exp ( kBT> ’ ( )

where vy, denotes the atomic vibration frequency (phonon fre-
quency) and / refers to the electron transition distance (impu-
rity spacing). The hopping activation energy W is determined
by the electron density of states D(&;) of the impurity band,
that is, W = 1/D(g;). The spatial extensibility of wave func-
tion 1/a can be estimated from the uncertainty relation Ax.
Ap > h/2m, that is o <276 /c, where c is the lattice con-
stant of SICNWs, & is the k-point accuracy determined by
grid parameters./>*! For holes in valence bands, optical phonon
scattering is the dominant transport mechanism, and the hole
mobility can be obtained from Refs. [12,23], and expressed as
goh? (e™on/keT 1) gegy

= : )
! me (2m*3hvp) 12 (& — &opt)

where v is the optical phonon frequency, e is the energy of
the charge. &, &, and & are the vacuum dielectric constant,
the static dielectric constant, and the optical-frequency related
dielectric constant, respectively.

After the hydrogen passivation, the impurity band of the
SiCNWs disappears. Hence, the electron concentration and
hole concentration of the SICNW are both determined from
Eq. (2), and its mobility can be obtained from Eq. (5).

For the SICNWs passivated by hydroxyl group, the car-
rier concentration is still determined from Eq. (2). Hydroxyl
group is a polar group, in which there also exists (ionized)
impurity scattering in SICNWSs, and the scattering probability
can be expressed as

2
1 Nione* 27m* g€V
= o |14 7”'"1‘20 e . (6)
Tion 87 (m*epgs) V3 /342

ion €

where Njo, is ionized impurity density and v is the average
carrier concentration of SICNWs, which can be expressed as

1/2
s (97‘CkBT> ’ (7)

8m*

3.2. Temperature dependent conductivity

The transport properties of bare, hydrogen, and hydroxyl
passivated SiICNWs are numerically simulated according to

Egs. (1)~(7) based on first-principles data. The results are
shown in Figs. 3-5.
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Fig. 3. (a) Temperature-dependent conductivity and (b) temperature-
dependent coefficient of conductance of bare and passivated SICNWs.

Figure 3 shows that in the temperature range of 300 K—
1000 K, whether the SiCNWs are passivated or not, their con-
ductivity has the temperature characteristics of a typical semi-
conductor, that is, the conductivity increases with temperature
rising. Meanwhile, temperature coefficient of conductance
(TCC) decreases rapidly, indicating that the larger the conduc-
tivity, the smaller the temperature drift is. At the same temper-
ature, the conductivity of SICNWs is larger than that of pas-
sivated SICNWs, in which the conductivity of hydroxyl passi-
vation SiCNWs is larger than that of hydrogen passivated SiC-
NWs. The two conductivity temperature coefficients are oppo-
site to each other, the TCC value of the SICNWs is the small-
est, and the TCC value of the OH-SiCNWs and H-SiCNWs
increase in turn.

Comparing Fig. 3(a) with Fig. 4(a), it can be seen that
the main factor affecting the SICNWs conductivity is the car-
rier concentration. Equation (2) shows that the smaller the
band gap, the larger the intrinsic carrier concentration is, so
the carrier concentration of bare SICNWs is the largest among
the carrier concentrations of three samples with the same size,
while the carrier concentration of the hydrogen passivated
SiCNWs is the smallest. Figure 4(b) shows that on the whole
the electron mobility of the passivated SICNWs is larger than
the hole mobility, which is due to the fact that the effective
mass of the electron is always smaller than that of the hole
in the same semiconductor. However, the electron mobility
of the bare SICNW:s is smaller than the hole mobility because
they originate fom different transport mechanisms: the elec-
trons are in the discrete impurity band and their mobilities are
induced by the constant path hopping mechanism, while the
holes are in the valence band of the continuous energy level
and their mobilities are caused by the carrier scattering mecha-
nism. In two different passivation methods, the optical phonon
scattering plays a dominant role in the H-SiCNWs, in addi-
tion to the optical phonon scattering, there is ionizing impu-
rity scattering in OH-SiCNWs, the scattering probability 1/

107801-4
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(the reciprocal of their scattering relaxation time) is shown in
Fig. 4(c). Since the scattering probability of ionized impurity
is much greater than that of optical phonon, the scattering of
ionized impurity plays a dominant role in OH-SiCNWs. In
the range of 300 K-1000 K, the scattering probability of ion-
ized impurity decreases (the relaxation time increases corre-
spondingly) with the increase of temperature, which leads the
electron (hole) mobility to be enhanced. At the same time,
the scattering probability of optical phonon increases (the re-

laxation time decreases correspondingly), and the mobility of
H-SiCNWs decreases. Owing to the different carrier scatter-
ing mechanisms in the two passivated SICNWs, the mobilities
of the two passivated SICNWs show opposite temperature de-
pendence. In addition, owing to the high scattering probabil-
ity of ionizing impurity and little difference in effective mass
among electrons (holes) in passivated SICNWs (see Table 1),
OH-SiCNWs have a low mobility.

108
101 (a) s r () 1f @ ]
‘ : 15 ]
1013 3 _<><> ]
. 3 10! 4L "
10* = r T ~
—~ E ] <><><><><> I
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Fig. 4. Temperature-dependent (a) carrier concentration and (b) mobility of bare and passivated SICNWs, with solid symbols representing electron
mobility and hollow symbols denoting hole mobility; (c) temperature-dependent scattering probability of passivated SICNWs.

3.3. Diameter-dependent conductivity

When the temperature is 300 K, the conductivity of bare

the conductivity of the passivated SiICNWs increases rapidly
as shown in Fig. 5(a). This opposite size dependence of the
conductivity once again shows the inhibitory effect of dan-

SiCNWs decreases slowly with the increase of diameter, while  gling bonds on quantum size effect./!”!
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Fig. 5. (a) Diameter-dependent conductivity of bare and passivated SICNWs, (b) diameter-dependent carrier concentration, and (c) diameter-dependent
mobility of bare and passivated SICNWs, with solid symbols representing electron mobility and hollow symbols denoting hole mobility.
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The further analysis shows that the trend of conductivity
varying with diameter originates from the size effect of band
gap of SICNWs, indicating that with the increase of diameter,
the band gap of bare SICNWs increases, which results in the
decrease of intrinsic carrier concentration and the weakening
of conductivity. For passivated SiCNWs, due to the fact that
the band gap decreases with diameter increasing, both the in-
trinsic carrier concentration and the conductivity increase as
shown in Fig. 5(b). It can be seen from Fig. 5(c) that the size
effect of hole mobility at room temperature is more obvious
than that of electron mobility. It can be found from Table 1
that the change of hole effective mass of SICNWs with diame-
ter is greater than the change of electron effective mass. There-
fore, it can be believed that the strong size effect of the hole
mobility at 300 K is due to the change of hole effective mass
of SICNWs with diameter. In addition, with the increase of
diameter, the electron effective mass of H-SiCNWs increases
(roughly) while that of OH-SiCNWs decreases, so the electron
mobility of H-SiCNWs is different from that of OH-SiCNWs.
Although the electron effective mass of SICNWs is similar to
that of H-SiCNWs, the electron mobility of SICNWs is af-
fected mainly by the density of electron states, so the trend of
SiCNWs is different from that of H-SiCNWs.

4. Dielectric properties of different passivated
SiCNWs
4.1. Orientation polarization relaxation of hydroxyl
groups
Under the action of alternating electric field, the electron
in semiconductor produces displacement polarization, and its
dielectric constant can be written by Lorentz model as!324]
Nee? 1

E (M :1+ . )
() migy (0f — w* —iyw)

®)

where @ = Eq /A is the circular frequency of the intrinsic tran-
sition (electron oscillation) and Y is the damping coefficient of
electron oscillation. In a semiconductor with inherent dipoles,
dipole orientation polarization produces relaxation. Accord-
ing to the Langevin’s model and Debye’s relaxation theory,
the dielectric constant of hydroxyl passivated SICNWs can be
expressed as

Nee? 1

migy (0f — w* —iyw)

&(w) =1
npPg
30k T (1 —i7)

where the dipole relaxation time is given below.

T E,
=— — 10
o= gew (5 ) (10

with E, being the activation energy of polarization relaxation,

®)

o’

which is related to the damping of orientation polarization.

4.2. Simulation of dielectric properties of different passi-
vated SiCNWs

The dielectric properties of bare, hydrogen and hydroxyl
passivated SICNWs are numerically simulated according to
Egs. (8)—(10). The results are shown in Figs. 6 and 7.

Figure 6 shows that when the temperature is 300 K, hy-
droxyl passivated SiICNWs produce a relaxation response at
5.36 GHz, while the bare and hydrogen passivated SICNWs
do not. Figures 6(c) and 6(d) display the first-principles calcu-
lations, showing that the bare SICNWs have a strong spectral
response in blue light region, while the passivated SICNWs
present a more obvious spectral response in far-ultraviolet re-
gion.

Figure 7 shows the temperature characteristics and size
effects of the dielectric constant of bare and passivated SiC-
NWs when the frequencies are 0.6 GHz, 5.36 GHz, and
10 GHz, respectively. It can be seen from Fig. 7(a) that the
microwave dielectric constant of bare and hydrogen passivated
SiCNWs are almost unchanged in the temperature range of
300 K-1000 K. When the temperature is higher than 400 K,
the real part of the microwave dielectric constant of OH-
SiCNWs2 decreases with temperature increasing, and when
the temperature is higher than 550 K, the difference caused
by frequency disappears. When the frequency is 0.6 GHz, the
corresponding dielectric constant £’ increases with the temper-
ature increasing in a range below 400 K, and the temperature at
this inflection point shifts toward low temperature with the in-
crease of frequency, which is shown in Fig. 7(a). Figure 7(b)
exhibits that in the imaginary part of the dielectric constant
corresponding to 0.6 GHz there appears a relaxation peak near
350 K, and the relaxation time decreases with the increase of
frequency. As can be seen from Eq. (10), the corresponding
temperature of the relaxation peak decreases, resulting in the
relaxation peak of OH-SiCNWs2 appearing below room tem-
perature.

As can be seen from Figs. 7(c) and 7(d), the microwave
dielectric constant of hydroxyl passivated SiCNWs decreases
linearly with the increase of diameter at room temperature
(T =300 K). As can be seen from Table 1, with the increase
of SiCNW’s diameter, the concentration of surface hydroxyl
group decreases. According to Debye relaxation formula (9),
the real part of the dielectric constant of OH-SiCNWs de-
In addition, for the
relaxation peaks corresponding to 5.36 GHz and 10 GHz at

creases with the increase of diameter.

temperatures lower than room temperature, the imaginary part
of the dielectric constant at 300 K also decreases with the in-

crease of diameter as shown in Figs. 7(c) and 7(d).
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5. Conclusions

In conclusion, passivation results in the increase of the
band gap of SICNWs, in which hydrogen passivation increases
the band gap of SICNWs to a greater extent. Contrary to
the size effect of bare SICNWs, the band gap of passivated
SiCNWs decreases with diameter increasing. The conductiv-
ity of SiICNWs, hydroxyl passivated SiCNWs and hydrogen
passivated SICNWs decrease in turn in the temperature range
of 300 K-1000 K. Carrier concentration is a main factor af-
fecting the conductivity of SICNWs. The temperature depen-
dence of hydrogen passivated structure is shown to be oppo-
site to that of hydroxyl passivated structure. This is because
optical phonon scattering plays a leading role in H-SiCNWs,
while ionized impurity scattering plays a leading role in OH-
SiCNWs. The trend of conductivity changing with diameter
originates from the size effect of the band gap of SICNWs, and
the size effect of hole mobility at room temperature is more
obvious than that of electron mobility. The bare SICNWs have
a strong dielectric response in the blue light region, while the

passivated SICNWs show an obvious dielectric response in the
far ultraviolet-light region. The microwave dielectric constant
of hydroxyl passivated SICNWs decreases linearly with the in-
crease of diameter at room temperature. This research is very
meaningful for the applications of SiC nanomaterials in mi-
crowave electronic devices, and provides a theoretical basis
for broadening the application of SiC nanomaterials as well.
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